Abstract-This paper extends the scope of a novel process previously reported by the group for the hydrolysis and subsequent metallization of polyimide substrates to encompass polyetherimide. Silver nanoparticles are grown in-situ by chemical reduction of silver ions implanted in the substrate. Factors affecting the level of hydrolysis are investigated, with temperature of the hydrolyzing solution found to be the key factor. The presence of silver nanoparticles is also confirmed by X-ray diffraction.
In-Situ Silver Nanoparticle Formation on Surface-Modified Polyetherimide Films
Another polymer material with potential suitability for direct metallization is polyetherimide (PEI). Similar to PI in terms of physical properties, it exhibits excellent dielectric properties over a range of temperatures, has high strength and modulus, high heat and radiation (UV and Gamma ray) resistance [15] - [18] , and is also USP Class VI compliant, indicating its suitability for medical devices. PEI can be used in a variety of applications, with the most prevalent one being the fabrication of molded interconnect devices (MID) [19] . PEI was recently suggested as a potential candidate for ion-exchange substrate surface modification [17] . Ion-exchange methods offer a simple way to produce metal nanoparticles and metal-polymer composites, which could provide a quicker route involving fewer processing steps to realizing interconnects within MIDs or aid in the creation of 3-D circuit. The surface modification of imidebased polymers and the subsequent in-situ ion exchange requires hydrolysis of the polymer by a strong alkali, a well studied effect [8] . This paper here provides evidence that, although requiring more stringent parameters than PI due to its superior alkali resistance, the surface modification, ion-exchange, and metallic salt reduction method is also applicable to PEI, and therefore, PEI is a suitable substrate for metallization via the laser directwriting process previously reported by the group [9] , [20] .
II. EXPERIMENTAL DETAILS
75-μm-thick grade 1000B Ultem PEI sheets were obtained from Cadillac Plastics, U.K. All other chemicals were obtained from Fisher Scientific, U.K. and Acros Organic, U.K. Full factorial design Of experiments (DOE) analysis was undertaken with the aid of the software package Minitab, version 14, from Minitab Inc. Fourier transform infrared apectroscopy (FTIR) measurements were taken with a PerkinElmer Spectrum 100 FT-IR spectrometer in ATR mode. Field emission scanning electron microscopy (FESEM) imaging was carried out using a Quanta 3-D FEG from FEI Company, USA, and XRD measurements obtained in transmission mode were taken with a D8 Discover from Bruker Corporation, Germany, using X-ray wavelength λ = 1.5418Å.
III. PREPARATION OF PEI FILMS FOR ION-EXCHANGE
The comparable physical properties of PEI and PI are partly explained by their similar monomers as evidenced by the structural comparison of PEI and the widely known PI, PMDA-ODA, as shown in Fig. 1 .
Both contain two imide groups (O=C-N-C=O), which are instrumental in the ion-exchange process described in this paper. The procedure is similar to that described for PI/PMDA-ODA substrates [21] and is schematically described in Fig. 2 . The substrate is initially rinsed with acetone then isopropanol to remove possible contaminants. It is then submerged in an ultrasonic bath of deionized (DI) water for a few minutes before being thoroughly rinsed with more DI water.
The immersion of the substrate in a potassium hydroxide (KOH) solution induces cleavage of the ring of the imide group; as a result a layer of potassium polyamate is formed at the surface of the substrate. After further rinsing in DI water, the substrate is then submerged in a silver nitrate (AgNO 3 ) solution to form silver polyamate through potassium-silver ion exchange as indicated in Fig. 3(b) . After further rinsing, the substrate is submersed in a dimethylamino-borane complex (DMAB) solution. This chemical is a very strong reducing agent and donates electrons to the silver ions to form silver particles, creating a silver seed layer of thickness suitable for subsequent electroless plating. The substrate is then submerged in a dilute sulphuric acid solution to remove any unreacted silver ions before being placed in an oven to reform the imide bonds cleaved in the initial step. Finally, electroless plating may be carried out to attain the desired metal thickness.
Our preliminary tests found that the reported conditions for hydrolyzing PI, 1 molar KOH solution at 50
• C for 5 min, had a negligible effect on the PEI substrate, indicating it was less susceptible to alkaline attack than PI. A DOE was carried out to determine the optimum process parameters required to cleave the imide ring, such that the polymer is converted into polyamic acid as shown in Fig. 3 . This full factorial DOE included temperature, concentration, immersion time, and type of alkali used as parameters. A "low" and a "high" value were chosen for the each continuous variable parameter-temperature, concentration, and time-while the "alkali-type" parameter was restricted to two discrete values; "sodium hydroxide" (NaOH) and "potassium hydroxide" (KOH). The various experimental parameter permutations can be found in the first five columns in Table I below.
After the ring cleavage step, all samples were submersed in a 0.1M AgNO 3 solution for 15 min at room temperature to exchange the potassium ions with their silver counterparts, resulting in the silver ions being electrostatically bonded to the PEI, as shown in Fig. 3 (b). The silver ions were then chemically reduced to silver nanoparticles (NPs) by immersion in a 5-mM DMAB solution for 1 and 7 min, respectively. Following thorough rinsing in DI water, the substrate was submerged in 1% w/w sulphuric acid (H 2 SO 4 ) for 5 min to remove any silver ions that did not react with DMAB. Reimidization was then carried out at 250
• C in air, nitrogen, or vacuum atmospheres for 30, 60, and 90 min. Table I shows the results of all experimental runs. The FTIR spectra for untreated PEI and for Run 16, the run, which showed the greatest change, are displayed in Fig. 4 . The peaks at ∼1780 cm −1 , ∼1710 cm −1 , and ∼1370 cm −1 correspond to the C=O double bond asymmetric, C = O symmetric, and C-N-C imide ring stretches, respectively, and their presence confirms that there is complete imidization of the polymer chain. Peaks at 1650 cm −1 and 1550 cm −1 indicate amide I and II vibrations, respectively, which indicate that hydrolysis has taken place [9] . The amide groups are the newly created branches in the polymer chain where the metal ions bond to, as seen in Fig. 3(b) .
IV. RESULTS AND DISCUSSION
Comparing the two graphs with respect to these peaks clearly shows the imide ring cleavage has occurred on the PEI substrate-the peaks for the untreated sample at ∼1780 cm and ∼1550 cm −1 have appeared. To quantify the degree of hydrolysis, the magnitude of the most prominent imide peaks (1710 cm −1 ) was divided by that of the peak at ∼1500 cm −1 , which is associated with one of the benzene ring breathing modes [22] , [23] , of which five exist in the PEI repeat unit. For more accurate comparison between samples, the spectra were normalized with respect to the peak at ∼1010 cm −1 , also known to indicate in-plane C-H benzene ring breathing [24] . The normalized peak ratio for each run was then divided by the normalized untreated peak ratio for untreated PEI to give an approximate percentage of imide content at the surface of the substrate as indicated in the last column of Table I . Most complete hydrolysis occurs either when all parameters are "high" (runs 8 and 16, respectively) or for run 12 where a high temperature, high KOH concentration, and low time have been used. Further evidence of hydrolysis is given by the formation of a carboxylic group, highlighted by peaks at ∼1650 cm −1 and ∼1550 cm −1 on FTIR spectra for these runs. As explained earlier, run 16 is shown on the uppermost graph in Fig. 4 . The spectra for the other two runs are not presented here due to their high similarities with run 16. Both alkalis display broadly similar FTIR results, with KOH generally providing a higher surface imide content, as would be expected for this stronger base. It does appear however, that only runs with high temperature and high concentration parameters provided a thorough hydrolysis. The Pareto chart of standardized effects from the DOEs analysis in Fig. 5 , and the standardized effects plot (not shown) clearly show that temperature (A), in Fig. 5 , is the most important factor in the cleaving process, with concentration (B) also being somewhat significant, with a larger value having greater influence. The other single factors of time (C) and alkali type (D) were less significant. It should be noted however that the interaction between temperature and concentration (AB) enhances the hydrolysis reaction on top of the individual effects of each single factor. 80
• C appeared to be the threshold for significant degree of hydrolysis, using 15M concentration of alkali. On the basis of these results, a PEI hydrolysis regime of 15M KOH at 80
• C for the minimal treatment time of 20 min was chosen for the investigation and characterization of the subsequent process steps. Effects of the reimidization process were then investigated by studying the annealing of the samples that had been treated in DMAB for 1 min. They were annealed at 250
• C in air or nitrogen at ambient pressure. Samples were treated for 30, 60, or 90 min in each of these atmospheres. The heating regime consisted of a 20-min heating ramp from room temperature to 250
• C, where the temperature was held for either 30, 60, or 90 min before a cooling down period of approximately 15 min to bring it back to under 100
• C. The samples were also annealed under vacuum but the heating regime differed slightly from the runs above due to the length of time the vacuum oven took to vary the temperature. The samples were placed in the vacuum oven at 160
• C, from which it took approximately 30 min to reach the desired temperature. Similarly, the cooling ramp of 15 min. for the air and nitrogen samples was not possible to achieve while maintaining a vacuum, and so samples were removed directly from the oven with no extended cooling down period.
Samples were annealed after different stages of the process to assess substrate behavior with and without silver particles or ions being present. More precisely, the annealing step was carried out after the hydrolysis (omitting steps 2 and 3 in Fig. 2) , the ion exchange (omitting step 3) and the chemical reduction steps (no steps omitted). FTIR spectra of the samples annealed in each curing environment for 90 min immediately after the KOH imide ring cleavage step can be seen in Fig. 6 .
Reimidization has not occurred at this stage in any of the curing environments, with the amide peaks (1650 cm −1 and 1550 cm −1 ) clearly visible and the imide ring peaks (1780 cm −1 and 1710 cm −1 ) much less pronounced than the untreated spectrum. This is notable as a temperature of 250
• C has previously been used to cure PEI [17] and is also well known to (re-)imidize PIs [8] . Since neither of these studies carried out reimidization with potassium ions present, an explanation could be that the potassium ions hinder the reimidization process, although this is not likely as reimidization does occur after the silver ion-exchange step in most cases (see Fig. 7 ). These samples with unreduced silver ions showed a distinct color change, with the PEI becoming dark orange/brown much like PMDA-ODA PI, suggesting that a small degree of thermal reduction occurred. The curing environment can also be seen to have an effect. The color of the air and vacuum-cured samples were very similar with the nitrogen-cured samples exhibiting a less pronounced color change. This effect can be partially explained by comparing their FTIR spectra as shown in Fig. 7 . Again, in this figure, 30 and 60 min anneal time samples are not shown for clarity. While all samples have substantially regained their imide peaks and lost the amide(I) peak, there is still a noticeable amide(II) peak (1550 cm −1 ) in all samples, indicating that complete reimidization may not have occurred. Although these peaks in the air and vacuum-cured samples have decreased enough to be considered negligible, the peak in the nitrogen-cured samples remains prominent. The nitrogen curing environment over differing times (see Fig. 8 ) indicates that reimidization is occurring, but at a more gradual pace than the air and vacuum atmospheres. It also appears that the presence of silver nanoparticles has an effect on reimidization, accelerating the process. This effect has been previously been observed and characterized by Qi et al. [25] . Fig. 9 shows the FTIR spectra from the samples cured for 90 min in a nitrogen atmosphere. Each plot represents a measurement taken after each process step with two taken after the silver ion reduction step; one with a DMAB immersion time of 1 min and a second with an immersion time of 7 min. This suggests that the silver nanoparticles may have a positive effect on reimidization, possibly due to the added thermal conductance of the silver around the polymer chains.
FESEM and microscope images of the substrates can be seen in Figs. 10 and 11 , respectively. Clearly, the surface morphology and formation of the silver nanoparticles depend strongly on the annealing atmosphere. Despite these images, FTIR analysis of the samples exposed to 7 min DMAB reduction and annealed for 90 min provided broadly similar results across the different annealing atmospheres (not shown). Although this indicates reimidization has occurred across all annealing atmospheres, the SEM images show different patterns of silver growth in the final row. The air-and vacuum-annealed samples seem to show good Fig. 11 . Microscope images of the samples annealed for 90 min in different atmospheres after (i) process step 1 in Fig. 2 , (ii) step 2, and (iii) after step 3. Scale bar is 100 μm. coverings of silver, with the vacuum-annealed sample showing greater uniformity. The nitrogen sample appears to show a reasonably densely packed layer of silver nanoparticles, with a few isolated, possibly detached, agglomerations on top of this.
Figs. 11 and 12 show that all three annealing environments produce a largely continuous layer of silver although the morphologies are different. Before reduction of the silver ions, the nitrogen-cured samples appear to have a much greater difference in surface texture [B (i) and (ii) compared to A/C (i) and (ii)].
The photograph in Fig. 12 shows the same samples seen in Figs. 10 and 11. Clearly this indicates the changes occurring at each stage of the process, with all DMAB-treated samples showing a definite silver color. The vacuum-cured sample [C (iii)] appears slightly whiter. This white form of silver is similar to electrolessly plated silver as previously reported by the group [26] , but not present in high enough concentration to be conductive. Finally, XRD measurements were taken to confirm the presence of reduced, metallic silver. Fig. 13(a) shows the diffraction pattern from a PEI sample that has been the subject of the ionexchange process but no reduction has taken place. No crystalline diffraction peaks can be discerned to stand out from the noise level, indicating a purely amorphous sample. Fig. 13(b) shows a sample cured in a vacuum environment for 30 min after a DMAB reduction time of 7 min. A crystalline peak at 38.2
• is clearly seen, and also peaks at 45
• and 77
• in this DMAB-reduced sample (final row, third column of Fig. 10 ). These coincide with the Ag diffraction peaks (111), (200), and (311), respectively [27] , confirming the presence of crystalline silver. The lack of prominence of the peaks can be attributed to the low volume fraction of silver in the sample. The samples cured in a nitrogen atmosphere exhibited the largest peaks with the air-cured samples providing only slightly smaller peaks than the vacuum-annealed samples. Although the difference is not large, it suggests either that the absence of oxygen has a positive effect on in-situ silver nanoparticle formation and that the vacuum environment somehow retards silver growth or that silver oxide is formed, which does not exhibit the same peaks as pure silver.
The diffraction peak at 38.2
• [see Fig. 13(b) ] also allows an estimate of the average crystalline correlation length for the silver crystals, τ , to be made using the Scherrer formula [28] :
where K is the dimensionless shape factor (≈1), λ is the X-ray wavelength (1.5418Å), β is the full width half maximum of the peak value in radians (7.4 × 10 −3 ), and θ is the Bragg angle (19 • ). This estimate gives a mean silver crystal size of approximately 20 nm, which agrees well with the SEM images in row (iii) of Fig. 10 , giving a silver nanoparticle size of approximately 20-30 nm. The silver nanoparticles may be composed of single crystals, but nanoparticles with more than one single crystal, or with crystalline defects, would be consistent with a lower crystalline correlation length.
V. CONCLUSION
This paper demonstrates alkaline hydrolysis of PEI, with temperature being the key factor in the reaction. Compared to PI, PEI is more resilient to this surface modification approach, requiring more severe experimental parameters to achieve full imide ring cleavage. Ion exchange of silver and potassium ions within the modified substrate and subsequent in situ reduction of the silver ions have also been demonstrated and experimentally verified. Although exploratory, this study offers interesting opportunities toward achieving direct metallization onto PEI, extending the scope of the group's novel fabrication process by providing a new substrate candidate. Despite the PEI monomer having the same number of cleavable imide rings as its Kapton counterpart, and therefore the same number of potential ion-exchange sites, it has a greater chain length per repeat unit such that it is not expected that similar densities of silver nanoparticles on the surface are achievable. It should however be sufficient to act as a catalytic seed layer for electroless plating. It is the aim of future work to investigate this and to characterize the metal deposits through conductivity measurements and also to selectively pattern the PEI to demonstrate its potential for circuit interconnection.
